INTRODUCTION
============

The reorganization and movement of membranes within a eukaryotic cell enables communication between organelles, cell migration, and cell division. Membrane reorganization through remodeling requires membrane deformation, which can occur in multiple ways. Membrane reorganization can be driven through proteins that stimulate localized membrane curvature. These curved membranes can be extruded further to form tubules or pinch off from the rest of the membrane to form a vesicle ([@B16]). On a larger scale, deformation of the membrane, in particular the plasma membrane, is driven through force applied over a wider region of the membrane by the cytoskeleton, for example, the actomyosin cytoskeleton during cell migration and cytokinesis ([@B35]; [@B22]). These mechanisms, either in isolation or when combined, can achieve a significant reorganization of cellular membranes.

Pseudocleavage furrow formation in the syncytial embryo of *Drosophila* is a dramatic example of plasma membrane reorganization that occurs during interphase and mitosis ([@B26]). Plasma membrane furrows ingress from the surface of the embryo to separate adjacent nuclei sharing a common cytoplasm. In the early stages of embryo development, between nuclear cycles 10 and 13, the pseudocleavage furrows ingress but do not meet. Instead they regress to the surface of the embryo during the later stages of mitosis. Such a mechanism allows nuclei to continue to share a common cytoplasm but prevents chromosome missegregation through multipolar spindle formation during mitosis. During the 14th nuclear cycle, cleavage furrows, which closely resemble pseudocleavage furrows, ingress and on this occasion they eventually meet and fuse to enclose each nucleus, leading to the production of ∼6000 columnar epithelial cells, each with a unique cytosol. This de novo production of cells, called cellularization, shares many characteristics with cytokinesis; in particular, the cellular machinery that drives membrane ingression during cytokinesis also localizes to the ingressing cleavage furrow.

Cleavage furrow ingression depends on both the actomyosin and microtubule cytoskeletons. Microtubules are required only very early in the process to establish an actin cap above the newly forming nucleus during telophase of the previous cell cycle ([@B36]). Subsequently the actin cap expands and then drives furrow ingression. As furrows ingress, they are stabilized by anillin ([@B8]), a protein that has the capacity to link the actomyosin and septin cytoskeletons to the plasma membrane ([@B24]). Furrow ingression is not just a matter of applying force to the plasma membrane to move it: additional membrane must be added via the exocytic and recycling endosome pathways, mostly at the apical surface ([@B32]). Furrow ingression also requires remodeling of the plasma membrane through endocytosis ([@B32]; [@B42]). Endocytosis occurs at two sites: at the apical surface ([@B32]) and at the tip of the ingressing furrow ([@B42]). Endocytosis at the cleavage furrow tip occurs through a poorly characterized mechanism that involves the formation of cleavage furrow tip tubules (CFT-tubules), which can be several microns long and eventually pinch off ([@B42]).

CFT-tubule dynamics is regulated by the actin cytoskeleton ([@B42], [@B43]). In the absence of actin, CFT-tubules are more extensive ([@B42], [@B43]), suggesting that actin has a role in the pinching-off process. Indeed, actin has been demonstrated to have a role at different stages of endocytosis in different model systems, including yeast ([@B18], [@B19]; [@B47]), *Drosophila* ([@B21]), and mammalian cells ([@B27]; [@B53]). Further evidence that altered pinching-off dynamics may play a role in CFT-tubule organization was found when elongated CFT-tubules were observed upon dynamin inhibition ([@B43]). Dynamin is a GTPase recruited to the neck of budding vesicles, where it has been implicated to function in the final pinching-off stage of vesicle formation ([@B40]).

What factors drive CFT-tubule formation is unclear. Proteins localizing to the tip of the ingressing furrow are likely players in CFT-tubule formation. There are two primary candidates, amphiphysin and septins, as each is capable of tubulating liposomes in vitro ([@B48]; [@B49]). Amphiphysin is a BAR domain--containing protein that localizes to the furrow tip and CFT-tubules and was used as the marker to define CFT-tubules in previous studies ([@B42], [@B43]). The BAR domain of amphiphysin is capable of generating membrane curvature ([@B48]). In addition, septins, a family of filamentous G-proteins ([@B39]), localize to the tip of the ingressing pseudocleavage furrow ([@B31]). Septins have an essential role in cytokinesis, but in addition they are increasingly associated with other cellular functions (reviewed in [@B39]; [@B44]; [@B28]). Septins can stimulate membrane tubulation in vitro on liposomes that contain phosphatidylinositol phosphates ([@B49]). Therefore multiple factors that can initiate, stabilize, or regulate membrane tubulation are positioned at the tips of ingressing cleavage furrows.

One difficulty in studying the role of the CFT-tubules during furrow ingression is the lack of markers for them. Here we identify septins as new markers of CFT-tubules and examine the role of dynamin and amphiphysin in CFT-tubule regulation and how this correlates with cleavage furrow ingression dynamics. Our findings suggest that the regulation of membrane dynamics through endocytosis at the furrow tip may regulate membrane availability to drive efficient furrow ingression.

RESULTS
=======

Septins localize to CFT-tubules
-------------------------------

One site of endocytosis in the syncytial *Drosophila* embryo occurs at the tip of ingressing cleavage furrows ([Figure 1A](#F1){ref-type="fig"}). Both endocytic vesicles and elongated tubules are observed at the furrow tip, suggesting that this may be the site of a specialized form of endocytosis ([@B42]). Previous studies that characterized CFT-tubules used amphiphysin as a marker to define them. However, to further understand the role of CFT-tubules in cellularization, it was necessary to identify further factors associated with the tubules. Using available antibodies and transgenic *Drosophila* lines expressing green fluorescent protein (GFP) fusion proteins, we searched for new CFT-tubule markers. Using this strategy, we identified septins, a family of filamentous GTPases, as novel CFT-tubule markers.

![Septin 2 localizes to CFT-tubules that form at the vertices of intersecting cleavage furrows. (A) Cartoon outlining cleavage furrow ingression dynamics during cellularization in the syncytial *Drosophila* embryo. CFT-tubules are in red. (B) Confocal images of GFP-Sep2 and amphiphysin (Amph) localization in *Drosophila* embryos. Top, surface views; bottom, *z*-sections. White arrows indicate CFT-tubules. Bar, 5 μm. (C) Cartoon outlining the hexagonal membrane organization in *Drosophila* embryos. (D) Quantification of the localization of tubules positive for amphiphysin or Sep2-GFP relative to the vertex of intersecting cleavage furrows. The data are the combined number of tubules observed in at least 10 embryos for each condition.](1444fig1){#F1}

We previously showed that a GFP-tagged Sep2 transgene, when expressed in the early *Drosophila* embryo, localizes to the tips of pseudocleavage furrows during syncytial nuclear divisions in early *Drosophila* embryogenesis ([@B41]). Further analysis of Sep2-GFP during cellularization revealed that it localized not only to the ingressing cleavage furrow tip, but also to tubular extensions, CFT-tubules, emanating from the tip of some ingressing cleavage furrows ([Figure 1B](#F1){ref-type="fig"}, white arrows). Of CFT-tubules decorated with Sep2-GFP, 93% also contained amphiphysin throughout the length of the CFT-tubule.

Intriguingly, CFT-tubules did not emanate from every furrow tip observed. We examined the position of CFT-tubules within the embryo to determine whether there was a defined distribution that may suggest function. There was no discernible pattern of CFT-tubules throughout the embryo, that is, CFT-tubules did not appear in a banded pattern or at greater concentrations at the anterior or the posterior of the embryo. However, 87% of amphiphysin-positive CFT-tubules and 90% of Sep2-GFP--positive CFT-tubules localized within 1 μm of the vertex of intersecting cleavage furrows ([Figure 1, B and C](#F1){ref-type="fig"}), suggesting that CFT-tubules may regulate cleavage furrow organization.

Sep2 is part of a family of related proteins, the septins, that can form heterologous filamentous complexes (reviewed in [@B39]; [@B28]). In *Drosophila melanogaster* there are five septins---Sep1, Sep2, Peanut, Sep4, and Sep5---all of which are expressed in the early embryo ([@B14]). Sep2 has been isolated from *Drosophila* embryos in a complex with Sep1 and Peanut ([@B10]). Because septins in other species have been attributed differing functions (reviewed in [@B39]; [@B44]; [@B28]), we examined the localization of the other *Drosophila* septins during cellularization. To analyze other septin family members, we generated transgenic *Drosophila* lines that expressed different septin family members. Carboxy-terminal, septin-GFP fusions were expressed in the female germline ([@B37]). Peanut-GFP was expressed in the syncytial embryo at levels below that of endogenous Peanut ([Figure 2A](#F2){ref-type="fig"}). Owing to the lack of specific antibodies, we were not able to quantitatively assess the level of other septin-GFPs compared with endogenous proteins, but all other septin-GFPs were expressed at lower levels than Peanut-GFP ([Figure 2B](#F2){ref-type="fig"}). These data suggest that the septin-GFPs were expressed below endogenous levels, allowing trace labeling of septin complexes and avoiding overexpression artifacts.

![Expression levels of the different septin-GFPs. (A) A 1-mg extract of embryo from the different transgenic lines was loaded per lane and immunoblotted with an anti-Pnut mouse monoclonal antibody. 1, w1118; 2, Sep1-GFP; 3, Sep2-GFP; 4, Sep4-GFP; 5, Sep5-GFP; 6, Pnut-GFP. (B) A 1-mg extract of embryo from the different transgenic lines was loaded per lane and immunoblotted with an anti-GFP mouse monoclonal antibody. 1, w1118; 2, Sep1-GFP; 3, Sep2-GFP; 4, Sep4-GFP; 5, Sep5-GFP; 6, Peanut-GFP. (C) Pnut was immunoprecipitated (IP) from 10 mg of embryo lysates generated from the different septin-GFP transgenic lines. IPs were then analyzed by immunoblotting using an anti-GFP antibody to detect the septin-GFP fusion. L, embryo lysates.](1444fig2){#F2}

All septin-GFP fusion proteins localized, as expected, to the tips of ingressing cleavage furrows ([Figure 3A](#F3){ref-type="fig"}). In addition, endogenous Peanut ([Figure 4B](#F4){ref-type="fig"}) and all Septin-GFP fusions localized to CFT-tubules ([Figure 3A](#F3){ref-type="fig"}). The CFT-tubules to which the septins localized were not randomly distributed: instead, ∼90% of the CFT-tubules for each of the septins localized within 1 μm of the vertex of intersecting furrows ([Figure 3B](#F3){ref-type="fig"}). Therefore septins are new markers of CFT-tubules.

![All septins localize to CFT-tubules at the vertices of intersecting cleavage furrows. (A) The *z*-sections of embryos expressing Pnut-GFP, Sep1-GFP, Sep4-GFP, or Sep5-GFP and immunostained with an anti-anillin antibody to mark the furrow tip. Bar, 5 μm. (B) Quantification of the localization of tubules positive for different septin-GFP fusion proteins relative to the vertex of intersecting cleavage furrows. The data are the combined number of tubules observed in at least 10 embryos for each condition.](1444fig3){#F3}

![Different subpopulations of CFT-tubules are defined by different septin complexes. (A) A *z*-section of an embryo from a Sep1-GFP--expressing *Drosophila* line immunostained with an anti-amphiphysin (Amph) antibody. White arrows point to CFT-tubules. (B) A *z*-section of an embryo from a Sep4-GFP--expressing *Drosophila* line immunostained with an anti-amphiphysin (Amph) antibody and an anti-Pnut antibody. White arrows point to CFT-tubules. (C) Quantification of the number of CFT-tubules that stain uniquely with Pnut or amphiphysin (Amph) and CFT-tubules that possess both markers. Error bars, ±SD. *n* = 11 embryos. (D) Quantification of the length of different CFT-tubule populations at different stages of cleavage furrow ingression. Error bars, ±SD. *n* = 11 embryos. (E) Different septin-GFP--expressing embryos stained with an anti-amphiphysin (Amph) antibody that define CFT-tubules that have different septin and amphiphysin subdomains. White arrows point to CFT-tubules. Bar, 5 μm.](1444fig4){#F4}

A new complex of septins defines distinct CFT-tubule subdomains
---------------------------------------------------------------

During cell division, different septins localize to different cellular structures ([@B45]) and have been attributed different functions ([@B7]). To determine whether septins associated with all CFT-tubules or subpopulations of CFTs, we compared the distribution of septin-positive CFT-tubules with amphiphysin-positive CFT-tubules within the same embryo. Of interest, not all CFT-tubule markers colocalized ([Figure 4](#F4){ref-type="fig"}). In some cases entire tubules were labeled with some but not all septins ([Figure 4, A--C](#F4){ref-type="fig"}). In other instances a single tubule possessed distinct domains labeled with different septin family members ([Figure 4E](#F4){ref-type="fig"}), indicating that there are different CFT-tubule populations and distinct domains on CFT-tubules.

Sep2-GFP and Sep1-GFP demonstrated a high degree of colocalization with amphiphysin: 93% of CFT-tubules positive for Sep2-GFP ([Figure 1A](#F1){ref-type="fig"}) and 95% of Sep1-GFP positive CFT-tubules ([Figure 4A](#F4){ref-type="fig"}) also contained amphiphysin in all embryos examined. In contrast, Peanut and amphiphysin showed poor colocalization: only 11% of CFT-tubules were positive for both amphiphysin and Peanut, whereas 49% were positive for amphiphysin alone and 40% were positive for Peanut alone ([Figure 4, B and C](#F4){ref-type="fig"}). Sep4-GFP and Sep5-GFP localization was reminiscent of the Peanut distribution within the embryo as opposed to Sep1-GFP or Sep2-GFP distribution within the embryo. Only 13% of Sep4-GFP--positive CFT-tubules and 10% of Sep5-GFP--positive CFT-tubules were also positive for amphiphysin. In contrast, 56% of Sep4-GFP-- and 43% of Sep5-GFP--labeled CFT-tubules were devoid of amphiphysin. Furthermore, Sep4-GFP and Sep5-GFP always colocalized with Peanut on CFT-tubules. Further analysis of CFT-tubules positive for amphiphysin and Peanut revealed that amphiphysin did not colocalize with the Peanut throughout the length of the tubule. Instead, the tubule consisted of distinct domains containing either Peanut or amphiphysin ([Figure 4E](#F4){ref-type="fig"}). Similarly, pairwise analysis of Sep4-GFP or Sep5-GFP and amphiphysin found that these septins also did not colocalize with amphiphysin on CFT-tubules positive for both markers. There was no set pattern of amphiphysin-positive domains in relation to Peanut-, Sep4-, Sep5-positive domains on CFT-tubules. For example, Peanut-positive domains could be localized close to the tip of the CFT-tubule or close to the cleavage furrow. These data suggest that distinct septin complexes can define different subpopulations of CFT-tubules and different subdomains within CFT-tubules.

Peanut, Sep1, and Sep2 have been isolated as a single 2:2:2 complex from *Drosophila* embryo extracts ([@B10]). However, the differential spatial organization of septin family members on CFT-tubules suggests that Sep1 and Sep2 may be able to form a complex independently of Peanut. Specifically, our localization studies suggested that Peanut, Sep4, and Sep5 may form a complex. To examine this further, we immunoprecipitated Peanut using an antibody that recognized Peanut ([@B31]). We found that Peanut could be coimmunoprecipitated with any other septin from *Drosophila* embryo extracts ([Figure 2C](#F2){ref-type="fig"}), suggesting that multiple complexes may coexist or assemble in embryo extracts. Similar results were described in mammalian systems ([@B7]). These data suggest that although a distinct Peanut--Sep4--Sep5 complex and another Sep1--Sep2 complex may exist on CFT-tubules, other heterologous complexes made up of different septin combinations, including the previously isolated Peanut--Sep1--Sep2 complex ([@B10]), exist at the tips of ingressing cleavage furrows.

Amphiphysin CFT-tubules are dynamic and are detected at the early stages of furrow ingression (0--5 μm) but disappear at later stages (\>5 μm; [@B42]). We found that amphiphysin-containing CFT-tubules were longer than Peanut CFT-tubules, with the longest tubules being those that contained both Peanut and amphiphysin ([Figure 4D](#F4){ref-type="fig"}). At early stages for furrow ingression (0--5 μm in depth), Peanut-only CFT-tubules were on average 1.7 μm (±0.3 μm; 33 tubules in five embryos) long, compared with uniquely amphiphysin-positive CFT-tubules and mixed CFT-tubules, which were 2.1 μm (±0.4 μm; 37 tubules from five embryos) and 3.1 μm (±0.6 μm; 36 tubules from five embryos) long, respectively ([Figure 4D](#F4){ref-type="fig"}). When the cleavage furrow ingressed further to between 5 and 10 μm in depth, the CFT-tubules were shorter. Peanut CFT-tubules (1.6 ± 0.2 μm long; 49 tubules from eight embryos) were still shorter than amphiphysin-positive CFT-tubules (amphiphysin-only CFT-tubules, 1.8 ± 0.3 μm, 52 tubules from eight embryos; and mixed CFT-tubules, 2.2 ± 0 .5 μm, 44 tubules from eight embryos). These data suggest that the different CFT-tubule subpopulations may be differentially regulated in their formation, stability, or pinching-off rate.

Dynamin is required for Peanut- but not amphiphysin-positive CFT-tubule formation
---------------------------------------------------------------------------------

Previous studies demonstrated a role for dynamin in regulating CFT-tubule organization ([@B42]). Using the temperature-sensitive dynamin mutant *shibire^ts^*, we also found that CFT-tubules were longer at the nonpermissive temperature ([Figure 5A](#F5){ref-type="fig"}), as previously reported ([@B42]). We next assessed the role of dynamin in regulating the different populations of CFT-tubules. In *shibire^ts^* embryos, the total number of CFT-tubules per embryo remained the same at the nonpermissive and permissive temperatures. However, the relative proportion of the different CFT-tubules changed. At the nonpermissive temperature the number of uniquely Peanut-positive CFT-tubules decreased (*p* \< 0.0001), whereas the number of amphiphysin-positive CFT-tubules increased (*p* \< 0.0001; [Figure 5B](#F5){ref-type="fig"}). These data suggest that dynamin differentially influences CFT-tubule subpopulations.

![Dynamin activity is involved in establishing Pnut-positive CFT-tubules. (A) The *z*-sections of *shibre^ts^* embryos at the permissive (20°C) and nonpermissive (32°C) temperatures stained with anti-Pnut and anti-amphiphysin (Amph) antibodies. White arrows point to CFT-tubules. Bar, 5 μm. (B) Quantification of the number of CFT-tubules staining positive for only Pnut, only amphiphysin (Amph), or both markers. Error bars, ± SD. Control, *n* = 11; *shibire^ts^* 20°C, *n* = 7; and *shibire^ts^* 32°C, *n* = 8.](1444fig5){#F5}

Amphiphysin is required for Peanut-positive tubule formation
------------------------------------------------------------

We next examined the role of amphiphysin in CFT-tubule formation. To determine whether amphiphysin was required for Peanut CFT-tubule formation, we analyzed CFT-tubules in a *Drosophila* amphiphysin-null mutant, *amph^5E3^* ([@B23]). Cellularization is successfully completed in *amph^5E3^* embryos, and the embryos develop in to adults ([@B23]). It is striking that in *amph^5E3^* embryos, CFT-tubules could not be detected ([Figure 6, A and C](#F6){ref-type="fig"}). Peanut localization remained at the tip of the ingressing furrow ([Figure 6A](#F6){ref-type="fig"}), suggesting that CFT-tubule formation required amphiphysin. To determine whether the loss of CFT-tubules was indeed due to the absence of amphiphysin expression, we expressed full-length epitope-tagged amphiphysin ([Figure 6B](#F6){ref-type="fig"}) in *amph^5E3^* embryos that did not express endogenous amphiphysin. Expression of epitope-tagged, full-length amphiphysin rescued the formation of the different classes of CFT-tubules that were absent from *amph^5E3^*-null embryos. The different classes of CFT-tubules included those decorated only by Peanut, those decorated only by amphiphysin, and those containing distinct Peanut and amphiphysin domains ([Figure 6C](#F6){ref-type="fig"}). These data confirm that the failure to form CFT-tubules in *amph^5E3^*-null embryos was due to the specific loss of amphiphysin function.

![The BAR domain of amphiphysin is required for CFT-tubule formation. (A) The *z*-sections of control and amphiphysin-null *Drosophila* lines stained with anti-Pnut and anti-amphiphysin (Amph) antibodies. White arrow points to CFT-tubules. Bar, 5 μm. (B) Cartoon outlining the domain organization of amphiphysin and the different rescue construct expressed in amphiphysin-null *Drosophila*. (C) Quantitation of the number and type of CFT-tubules in different *Drosophila* lines. Error bars, ±SD. Localization in a minimum of 10 embryos for each condition was analyzed.](1444fig6){#F6}

Amphiphysin is a multidomain protein containing a BAR domain and a SH3 domain, each of which can perform distinct functions ([Figure 6B](#F6){ref-type="fig"}). The BAR domain interacts with membranes and promotes membrane curvature ([@B48]). In contrast, the SH3 domain facilitates interactions with other proteins, including synaptojanin ([@B6]), dynamin ([@B13]), and WASP ([@B54]). To determine which domain of amphiphysin drives CFT-tubule formation, we expressed different epitope-tagged amphiphysin constructs ([Figure 6B](#F6){ref-type="fig"}) in the *Drosophila amph^5E3^*-null mutant and assessed CFT-tubule formation. When epitope-tagged amphiphysin-SH3 domain was expressed in *amph^5E3^*-null mutant embryos, cleavage furrows formed; however, no amphiphysin antibody staining could be detected at the furrow tip, suggesting that the SH3 domain was not targeted to the cleavage furrow. Furthermore, no Peanut CFT-tubules or amphiphysin-positive CFT-tubules were observed in any of the embryos examined ([Figure 6C](#F6){ref-type="fig"}). Because the failure of the SH3 domain to rescue CFT-tubule formation could be due to the failure of the epitope-tagged SH3 domain to be targeted to the cleavage furrow, we expressed a full-length amphiphysin cDNA that contained point mutations (G592R, P595L, and A596G) in the SH3 domain that disrupt SH3 domain function by prevent SH3 binding to target proline-rich regions ([@B54]). The SH3-domain mutant amphiphysin was targeted to the tips of cleavage furrows and fully rescued the formation of all classes of CFT-tubules described earlier. Those classes of CFT-tubules include uniquely amphiphysin-positive and CFT-tubules and partially rescued the formation CFT-tubules that were uniquely Peanut positive and mixed-population CFT-tubules ([Figure 6C](#F6){ref-type="fig"}). These data suggest that the SH3 has no significant role in stimulating CFT-tubule formation.

To determine whether the BAR domain was sufficient for CFT-tubule formation, we examined whether a construct containing an epitope-tagged amphiphysin BAR domain ([Figure 6B](#F6){ref-type="fig"}) could rescue the defect in CFT-tubule formation observed in *amph^5E3^*-null embryos. The epitope-tagged amphiphysin BAR domain was targeted to the tips of cleavage furrows and fully rescued the formation of CFT-tubules that were uniquely labeled with amphiphysin ([Figure 6C](#F6){ref-type="fig"}) and partially rescued the formation of uniquely Peanut-positive and mixed-population CFT-tubules ([Figure 6C](#F6){ref-type="fig"}). These data suggest that the BAR domain of amphiphysin is necessary and sufficient for the formation of all classes of CFT-tubules.

Amphiphysin and dynamin differentially regulate cleavage furrow ingression kinetics
-----------------------------------------------------------------------------------

Our data establish a role for both dynamin and amphiphysin in CFT-tubule formation and organization under conditions in which cleavage furrows still form and ingress. However, their disruption has opposite effects on CFT-tubules; disruption of dynamin causes the formation of elongated CFT-tubules, whereas disruption of amphiphysin inhibits CFT-tubule formation. Disruption of either protein does not affect cleavage formation, suggesting that CFT-tubules are not involved in cleavage furrow formation per se. However, it is possible that dynamin, amphiphysin, and CFT-tubules have roles in other aspects of cleavage furrow organization. To address this, we analyzed cleavage furrow ingression kinetics upon disruption of dynamin, when CFT-tubules are longer, and disruption of amphiphysin, when no CFT-tubules form.

Cleavage furrow ingression is a dynamic process that can be broken up into distinct phases: an initial phase that is very slow, then a slow phase, and then a fast phase ([@B8]). To characterize the role of amphiphysin and dynamin in regulating cleavage furrow ingression kinetics, we observed ingression of the cleavage furrow during cellularization upon disruption of amphiphysin or dynamin by differential interference contrast (DIC) time-lapse microscopy as described by [@B8]). Our analysis confirmed three distinct phases of cleavage furrow ingression in wild-type embryos at room temperature (20°C): an initial phase with an ingression velocity of 0.08 ± 0.02 μm/min; a slow phase with an ingression velocity of 0.72 ± 0.17 μm/min, and a fast phase with an ingression velocity of 1.23 ± 0.33 μm/min ([Figure 7A](#F7){ref-type="fig"}). Although the three distinct phases of cleavage furrow ingression were observed in *amph^5E3^*-mutant embryos, the kinetics of ingression differed from that of wild-type embryos. In embryos lacking amphiphysin, all phases of cleavage furrow ingression were faster ([Figure 7B](#F7){ref-type="fig"}: initial, 0.31 ± 0.05 μm/min; slow, 0.93 ± 0.15 μm/min; and fast, 1.78 ± 0.28 μm/min). In particular, the final phase of furrow ingression was significantly faster in embryos lacking amphiphysin (1.78 ± 0.28 μm/min) compared with wild-type embryos (1.23 ± 0.33 μm/min; *p* = 0.01).

![Amphiphysin and dynamin differentially regulate cleavage furrow ingression. (A) Representative kymographs of ingressing furrows in control and amphiphysin-null *Drosophila* lines. (B) Quantitation of the velocity of the different stages of furrow ingression during cellularization of embryos in A. Data were compiled from at least five embryos for each condition. (C) A representative kymograph of ingressing furrows in the *shibire^ts^ Drosophila* line at the nonpermissive temperature of 32°C. (D) Quantitation of the velocity of the different stages of furrow ingression during cellularization of embryos in C. Error bars, ±SD. Data were compiled from five embryos for each condition. Bar, 5 μm.](1444fig7){#F7}

Next we examined the ability of dynamin to regulate the kinetics of furrow ingression ([Figure 7, C and D](#F7){ref-type="fig"}). We found that cleavage furrow ingression was significantly slowed in *shibire^ts^* embryos maintained at the nonpermissive temperature (32°C). Specifically, the rate of cleavage furrow ingression of the single slow phase was slower than the slow-phase cleavage furrow ingression of control embryo at the same temperature, 32°C (control, 0.64 ± 0.03 μm/min; *shibire^ts^*, 0.43 ± 0.05 μm/min; *p* \< 0.01). These data demonstrate a role for dynamin in the transition from the slow to the fast phase of cleavage furrow ingression.

DISCUSSION
==========

Cellularization in the *Drosophila* embryo involves de novo generation of 6000 columnar epithelial cells, which are generated by the ingression of plasma membrane furrows---cleavage furrows---that enclose each nucleus ([@B26]). At the tip of ingressing cleavage furrows, CFT-tubules form. In this study, we demonstrate the existence of three populations of CFT-tubules, which can de defined by different septin family members. The different populations of CFT-tubules are differentially regulated, and their presence or absence correlates with changes in cleavage furrow ingression kinetics.

We identified septins as additional factors localizing to the CFT-tubules. Of interest, not all septins localize to the same CFT-tubules or the same domain within a single CFT-tubule. This suggests that although the CFT-tubules are formed by an endocytic pathway ([@B42]), the tubules are not homogeneous. Instead, tubules can contain different domains that may have different functions. We identified three distinct types of tubules: those that contain only amphiphysin and the septins Sep1 and Sep2, those that contain only the septins Peanut, Sep4, and Sep5, and those that possess heterogeneous subdomains each defined by a distinct composition of these various components. Of importance, our localization studies suggest that distinct septin complexes localize to different structures. Because Peanut, Sep4, and Sep5 do not colocalize with Sep1 and Sep2 on CFT-tubules, we predict that Peanut, Sep4, and Sep5 form a novel septin complex. This new septin complex may resemble the previously isolated complex of Peanut, Sep1, and Sep2, as Sep2 is most closely related to Sep5 (72% identity) and Sep1 is most closely related to Sep4 (47% identity). We were not able to isolate individual septin complexes by immunoprecipitation, as all septins coimmunoprecipitated. This finding is consistent with studies in mammalian cells ([@B7]) and reflects either the heterogeneous nature of septin complexes within the entire embryo or that we were, in part, immunoprecipitating partial septin filaments. Unexpectedly, Peanut did not colocalize with Sep1 and Sep2 on CFT-tubules. This observation raises the possibility that Sep1 and Sep2 alone form a complex. Septin filaments in yeast and mammalian systems are generated from octamers containing two copies of four different septins arranged in an inverted repeat ([@B20]); however, this may not be true for all systems. In the case of *Drosophila* a hexamer of Peanut, Sep1, and Sep2 has been isolated ([@B10]), and in *Caenorhabditis elegans* there are only two septin genes ([@B17]).

Septins have predominantly been implicated in modulating events at the plasma membrane in conjunction with the actin cytoskeleton ([@B1]; [@B39]; [@B44]; [@B28]). In mammalian cells, septins have also been linked to potential roles in membrane trafficking, especially in the exocytic pathway, possibly by regulating vesicle fusion ([@B15]; [@B5], [@B4]; [@B51]; [@B2]). It seems unlikely that the septins on CFT-tubules are regulating exocytosis, as all evidence suggests that exocytosis occurs at distinct apical sites in the syncytial embryo ([@B32]). In contrast, one study suggests a role for septins in the endocytic pathway by regulating recruitment of the coat protein complex AP-3 to lysosomal membranes ([@B3]). The precise roles for septins in this process are unclear. In CFT-tubules, it is possible that septins exert an effect directly on the membrane. Septins can tubulate membranes containing phosphatidylinositol (4,5)-bisphosphate ([@B49]), a lipid that has a key role in cytokinesis ([@B9]; [@B52]). However, our data demonstrate that CFT-tubule formation is dependent on amphiphysin. Septins have been proposed to stabilize membranes ([@B11]). Therefore septins could stabilize the CFT-tubules once formed. Indeed, reduced recruitment of septins to cleavage furrows destabilizes the entire cleavage cleavage furrow ([@B8]). Furthermore, embryos depleted of Peanut form unstable yolk channels at the end of cellularization ([@B1]), further supporting the model that septins can stabilize membrane structures to which they localize. These findings also suggest that mutations that deplete septins will not allow examination of the role of septins in CFT-tubule organization and function.

We found that CFT-tubule formation requires the BAR domain of amphiphysin. The N-BAR subfamily, to which amphiphysin belongs, can bind to membranes and promote their curvature (reviewed in [@B25]; [@B46]). Amphiphysin is also involved in t-tubule formation in *Drosophila* indirect flight muscles ([@B34]) and mouse heart muscle ([@B29]). These findings suggest a conserved role for amphiphysin in promoting tubule formation and organization.

Loss of amphiphysin and the prevention of CFT-tubule formation did not inhibit furrow ingression, suggesting that amphiphysin is not required for remodeling of the membrane to drive furrow ingression. Instead, loss of amphiphysin increased the rate of furrow ingression. Because amphiphysin localizes to the tip of the furrow, it is possible that amphiphysin acts as a negative regulator of furrow ingression. Alternatively, by preventing CFT-tubule formation, amphiphysin may render more plasma membrane accessible for furrow ingression, and therefore the rate of furrow ingression increases. Consistent with this model, when CFT-tubules become longer upon disruption of dynamin, the rate of cleavage furrow ingression is reduced. One potential consequence of inhibiting endocytosis at the furrow tip would be to reduce the amount of membrane available for the expansion of the plasma membrane and the ingression of the furrow. In such a scenario membrane derived from endocytosis at the tip of the furrow would be recycled back to the plasma membrane through the exocytic pathway, thereby providing sufficient membrane for the expansion and ingression of the furrow. This reduced availability of membrane could manifest itself as a reduced rate of furrow ingression seen in *shibire^ts^* embryos at the nonpermissive temperature, where CFT-tubules elongate due to a failure to pinch off. The additional membrane may be especially important for the rapid increase in furrow ingression we see once the furrow has ingressed ∼10 μm, a depth of ingression where CFT-tubules normally become shorter and disappear.

Changes in tubule parameters correlate with changes in cleavage furrow ingression kinetics, especially in the fast phase of ingression; longer, more persistent tubules correlate with slower ingression kinetics, and the absence of tubules correlates with faster ingression kinetics. If the fast phase of cleavage furrow ingression were dependent upon new membrane being inserted into the plasma membrane, then restricting membrane insertion would suppress the fast phase. If membrane was recycled by endocytosis at the cleavage furrow tips through an endocytic compartment back to the plasma membrane, then changes in CFT-tubule parameters might be expected to affect cleavage furrow ingression kinetics.

In the models outlined here CFT-tubules would function to buffer the amount of available membrane that is accessible for efficient cleavage furrow ingression. However, no comparable measurements have been made with respect to t-tubules in muscles. Therefore it remains unclear whether the tubules in these different systems have a common function, whether they are examples of specialized endocytosis, or whether the creation of extra membrane surface area facilitates specialized functions in these different systems.

MATERIALS AND METHODS
=====================

Fly stocks
----------

The *D. melanogaster* lines used were *w^1118^*, a Sep2-GFP line ([@B41]), the temperature-sensitive allele of dynamin (*shibire* allele *shi^1^*; [@B33]), and an amphiphysin-null mutant line, *amph^5E3^*, which was generated by imprecise P-element excision ([@B23]). The Sep1, Sep4, Sep5, and Peanut-GFP transgenes were constructed by using PCR to amplify the corresponding cDNA, and the product was cloned into the gateway TOPO cloning vector pCR8/GW/TOPO (Invitrogen, Carlsbad, CA). The cDNA was then recombined into the pUASP-adapted vector in frame with GFP (T. Murphy, Carnegie Institution of Washington, Washington, DC). Transgenic flies were then generated using standard methods ([@B38]). Expression of pUASP constructs was induced using P\[GAL4::VP16-nos.UTR\] ([@B50]).

Different deletion constructs of *amph* were generated using PCR with template DNA from the expressed sequence tag LD19810, containing the full-length amphiphysin cDNA (amino acids 1--602), as follows. A PCR product of the full-length amphiphysin cDNA was subcloned into the pUAST vector containing a C-terminal V5 tag. For the remaining constructs, PCR products were cloned the into the pENTER vector (Invitrogen). For the Amph-BAR domain a fragment encoding amino acids 1--245 was amplified, and for the Amph-SH3 domain a fragment encoding amino acids 523--602. For the Amph-SH3 mutant construct, the same mutations (G592R, P595L, and A596G) were made as previously described ([@B54]) using the QuikChange Mutagenesis Kit (Stratagene, Santa Clara, CA). Subsequently amphiphysin fragments and mutations were recombined into the pTWM DESTINATION Gateway vector (a modified pDESTINATION vector with a UAS promoter sequence and a C-terminal 6×-myc tag, as modified by the Murphy lab \[<http://emb.carnegiescience.edu/labs/murphy/Gateway%20vectors.html>\]). The tagged constructs were subsequently injected into w-flies (BestGene, Chino Hills, CA) and double balanced using the w1118; Sp/CyO-GFP; Sb/TM3Ser line.

Embryo fixation and immunofluorescence
--------------------------------------

The 0- to 3-h embryos were collected, washed in water, and dechorionated by incubating in 50% (vol/vol) bleach for 1 min. Embryos were rinsed in water and then added to vials containing heptane. For methanol fixation, an equal volume of methanol was added and the embryos vigorously agitated for 1 min. Devitellated embryos were removed and washed a further three times in methanol. Embryos were then either stored in methanol at −20°C or stained immediately. For formaldehyde fixation an equal volume of 3.7% formaldehyde, 10 mM 1,4-piperazinediethanesulfonic acid, pH 6.9, 0.2 mM ethylene glycol tetraacetic acid, and 0.1 mM MgSO~4~ was added to embryos in heptane, which were then vigorously agitated for 20 min. The aqueous phase was then removed and replaced with an equal volume of methanol, and embryos were further processed as described.

To immunostain embryos, they were first rehydrated by two 5-min incubations in PBST (PBS containing 0.5% bovine serum albumin and 0.1% Triton X-100). Embryos were further blocked in PBST for 60 min. Embryos were incubated in primary antibody diluted in PBST for 60 min with gentle agitation and then washed by four 5-min incubations in PBST. Next embryos were incubated in secondary antibodies conjugated with Alexa 488, Alexa 594 or Alexa 647 (Invitrogen) diluted 1:1000 in PBST. After washing as described, embryos were cleared in mounting media (90% glycerol, 20 mM Tris, pH 8.8, 0.5% *p*-phenylenediamine) overnight, then mounted in the same media. Images of stained embryos were captured with a Plan Apochromat 60× 1.5/numerical aperture (NA) 1.0 oil immersion lens mounted on a Nikon Eclipse TE2000-E inverted microscope (Nikon, Melville, NY) equipped with a spinning disk confocal (PerkinElmer, Waltham, MA) equipped with an Orca-EM charge-coupled device camera (Hamamatsu, Hamamatsu, Japan) driven by MetaMorph software (Universal Imaging, Downingtown, PA).

Antibodies used in the study include anti-peanut ([@B31]; Developmental Studies Hybridoma Bank, Iowa City, IA), anti-anillin ([@B12]), and anti-amphiphysin ([@B23]).

Embryo extract and immunoprecipitation
--------------------------------------

The 0- to 3-h embryo extract was prepared as previously described ([@B30]). Immunoprecipitations were performed and analyzed as previously described ([@B41]), using the anti-Peanut antibody or an anti-GFP antibody (Roche, Indianapolis, IN).

DIC microscopy
--------------

The 0- to 2-h embryos were collected and dechorionated as described. Embryos were mounted between two 25-mm-diameter coverslips on double-sided sticky tape (Scotch; 3M, St. Paul, MN) under halocarbon oil (Halocarbon Products, River Edge, NJ). The mounted embryos were placed on a temperature-controlled stage (Harvard Apparatus, Holliston, MA) mounted on a Nikon E-800 microscope and visualized using a Plan Apochromat 40× 1.5/NA 1.0 oil immersion lens using an Orca ER camera (Hamamatsu). Images were taken every 10 s. Rates of ingression were calculated using the slopes from kymographs generated using MetaMorph.

This article was published online ahead of print in MBoC in Press (<http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E12-12-0878>) on February 27, 2013.
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